Abstract. This work provides a comprehensive investigation of the anisotropic mechanical and electrical properties of elastomeric nanocomposites based on natural rubber and sp 2 carbon allotropes. They can be either nanometric and with high shape anisotropy like Carbon Nanotubes (CNT) and lamellar nanographite, or nanostructured and nearly isometric like carbon black. Studies were performed on calendered and compression molded plates. A complete mechanical characterization along all main directions could be performed by a non-standard testing approach. Composites with nanometric, high aspect ratio fillers gave rise to remarkable mechanical anisotropy, revealing an orthotropic and transversally isotropic response: modulus values were very similar in the sheet plane and much larger (almost twice as much) in the orthogonal direction. The electrical anisotropy achieved its maximum at lower CNT content. Composites with carbon black did not reveal mechanical anisotropy, while, quite strikingly, a very large electrical anisotropy was observed for carbon black content close to the percolation threshold. These results provide insights into the anisotropic behavior of nanofilled elastomers, and could pave the way to their exploitation in advanced engineering design and biomimicking biomedical applications.
Introduction
Important load bearing applications require elastomeric materials, in many different fields. Rubbers are used, for example, for tire treads, vibration dumpers, seals. Although much softer than rubber, tough and highly deformable hydrogels are being developed and have reached the status of structural materials in applications such as cartilage replacement, scaffolds for tissue engineering or supports for mechanobiology studies. For both classes of materials, the addition of reinforcing fillers is an effective route to promote the mechanical reinforcement [1, 2] . sp 2 carbon allotropes are traditional reinforcing fillers. Carbon black is the most used [3, 4] and nanofillers have been increasing their importance over the last years, both in the academic and industrial fields [5] . Nano fillers are particles with at least one dimension below 100 nm [6] . Some examples are Carbon Nanotubes (CNT), both single-walled and multiwalled [6] [7] [8] , graphene and graphene related materials such as graphene nanoplatelets made by few stacked layers of graphene (nanoG) [9] [10] [11] [12] . Carbon black is formed by primary nanometric particles, fused together to form larger aggregates, which can reach a size of the order of micrometers. Instead, the nanofiller particles can be individually dispersed in the elastomeric matrix. This results in a very high surface to volume ratio and, as a consequence, in a higher reinforcing efficiency with respect to carbon black content.
A common rationalization of mechanical reinforcement by different families of sp 2 carbon allotropes has been recently proposed [13] [14] [15] . A quantitative correlation has been shown between the initial moduli of rubber based composites filled with carbon black or CNT, and the interfacial area, that means the area made available by the filler in the elastomeric composite. The high surface area of nanometric carbon allotropes originates not only from their small dimensions, but also from their high aspect ratio (or shape anisotropy), i.e. the ratio of the maximum over the minimum dimension of the particle [16, 17] . Owing to this feature, the particles may present a preferential orientation in the elastomeric matrix and, as a consequence, the composite may show anisotropic properties, that means directionally dependent properties. Anisotropic properties in elastomeric matrices may be caused by several reasons: i) orientation of the polymer chains; ii) non homogeneous filler distribution, even with ideally perfectly spherical particles; iii) stress softening caused by a repeated stretching (Mullins effect) in one direction [18] [19] [20] [21] ; iv) preferential orientation of anisotropic filler particles [22, 23] . Preferential orientation and alignment of nanoparticles is sought to fully exploit their influence along specific directions, as for example in electronical applications (e.g. field emission displays and sensors, data storage, and light-emitters) with CNT filled elastomers [24] , or in biomimicking, tissue engineering, and bioseparation applications, where hydrogels are filled with CNT [25] or nanowhiskers [26] to induce direction-dependent structure with the aim to mimic anisotropic hierarchical morphologies of some natural tissues. Indeed, the control of anisotropic properties of elastomeric materials is of great importance. Modeling of composites with electrically conductive nanorods has been recently presented [27] . However, only few experimental works [22, 28] provide a measure of properties along transversal directions and a quantification of the anisotropy level. A remarkable anisotropic behavior of the dynamic moduli has been documented for CNT filled Natural Rubber (NR) [22] . The structuring of CNT induced an orthotropic and transversally isotropic response. As a result, the dynamic moduli were very similar to each other when measured inside the sheet plane and nearly double when measured in the orthogonal direction (i.e. perpendicularly to the sheet plane). Moreover, Transmission Electron Microscopy (TEM) analyses showed a preferential orientation of CNT inside the natural rubber based composites. In spite of the scientific and applicative impact of this finding, there is a lack of systematic studies on the effect of filler aspect ratio on the level of anisotropy of rubber composite properties. In the present work, a comprehensive investigation and analysis of the anisotropic behavior of rubber nanocomposites filled with sp 2 carbon allotropes having different shape anisotropy has been performed. Although the results are specific for the considered materials, the experimental testing approach has a more general validity, and could be applied both to rubber and hydrogels, produced with different processes. Mechanical and electrical properties have been studied. Three classes of carbon-based fillers with very different shape anisotropy were accounted for: multiwalled carbon nanotubes, nanographite, and two types of carbon black with different level of surface area. The nanographite is characterized by a high surface area and relatively high shape anisotropy [29] . One of the two carbon black is N326 (CB-MS), having an average (medium) level surface area and structure, whereas the other one is characterized by a very high surface area (CB-HS). Carbon black was investigated since it shows low or even zero effects of anisotropy, providing a sort of lower limit of anisotropy level for comparison purposes. The mechanical and electrical properties of elastomeric composites were investigated along three main spatial directions of a rubber plate that is a simple, yet relevant rubber product. The plate allowed to take advantage of the intrinsic filler orientation induced by the production process, calendering and compression molding. The anisotropic mechanical behavior was measured in terms of dynamic-mechanical moduli along various directions, evaluating the moduli dependence on the strain amplitude. A complete mechanical characterization could be performed by the suitable choice of specimen size and test machine, an ad-hoc approach developed by the authors. To further evidence filler-related anisotropic effects, the electrical resistivity was measured along the same directions. The correlation of such properties with structural morphology of the nanocomposites was investigated by transmission electron microscopy.
Experimental 2.1. Materials
Poly(1,4-cis-isoprene) from Hevea Brasiliensis (NR) was SMR GP, with 65 Mooney units as Mooney viscosity (ML(1 + 4)100°C), from BR-THAI, Eastern GR Thailandia -Chonburi, Lee Rubber. Organic peroxide was 2,5-Dimethyl-2,5-di(tert-butylperoxy)hexane supported on silica/CaCO 3 (45 mass% of peroxide), from Arkema Inc (King of Prussia, PA, USA). Four kinds of fillers were used: CNT, nanoG, and two kinds of CB-MS. Multiwall carbon nanotubes are Baytubes C150 P, from Bayer Material Science (Leverkusen, Germany). They are characterized by chemical purity ≥95 wt%, length of 1-10 μm, number of walls of 3-15, outer and inner diameters of 10-16 and 4 nm, respectively, according to the technical data sheet. Their surface area, measured by the BET method, is 200 m 2 /g. The following safety procedure was followed to avoid the direct contact of the operator with CNT. They were kept and weighed in a glovebox. The ingredients were fed in the mixing chamber through a steel funnel on the top. The mixing chamber was not open to the air during mixing. Carbon Black N326 (CB-MS) is from Cabot Corporation (Billerica, MA, USA), and is characterized by 30 m as mean diameter of spherical primary particles, surface area, measured by the BET method, of 77 m 2 /g and oil adsorption number (with Dibutyl Phthalate) of 85 mL/100 g. Carbon Black PRINTEX XE2 (CB-HS) is from Degussa (The Cary Company, Addison, IL, USA) and it is characterized by a surface area, measured by the BET method, of 1114 m 2 /g. NanoGraphite (nanoG) is Synthetic Graphite 8427 ® from Asbury Graphite Mills Inc (Asbury, NJ, USA). Its carbon content is ≥99 wt% and the surface area is 330 m 2 /g (data from technical bulletin). Chemical composition determined from elemental analysis is, as wt%: carbon 99.5, hydrogen 0.4, nitrogen 0.1, oxygen 0.0. NanoG is characterized by a high shape anisotropy compared to several graphite grades. A value of 3.1 was measured for the shape anisotropy defined as the ratio between crystallites dimensions in directions orthogonal and parallel to structural layers [29] .
Composites preparation
All the composites were produced by adding different amounts of filler, namely 4, 15 or 35 phr (parts per hundred parts of rubber), to 100 phr of NR and 3.5 phr of peroxide. Peroxide was used as the crosslinking agent in order to avoid the addition of several ingredients that would be required by a sulfur-based cross-linking system. The filler amounts both in phr and in volume fraction are reported in Table 1 . Additionally, also a sample of neat crosslinked NR rubber and a sample filled with 50 phr of CB-MS (CB-MS-50) were prepared.
Preparation procedure
Composites were prepared by mechanical mixing in a Brabender internal mixer (Brabender PL-2000 Plasti-Corder Torque Rheometer, Brabender GmbH & Co. KG, Duisburg, Germany), with 50 mL mixing chamber. The fill factor of the mixing chamber was about 80%. The ingredients were added in the following sequence: NR was masticated at 80°C for 1 min with rotors at 60 rpm. The filler was then added and mixed for further 4 min; then peroxide was added and the final composite was discharged after 2 min. The mixing time, shorter than the half-life of peroxide (10 h at 115°C), was set to avoid premature crosslinking, which was not observed. Composites were finally further homogeneized by passing them five times through a two roll mill operating at 50°C, with the front roll rotating at 30 rpm and the back roll rotating at 38 rpm and 2 mm as the nip between the rolls. The sheet of the compounds was rotated at every step. Finally the sheets were compression molded for 10 min at 170°C with 3.5 MPa pressure into square plates with 3 mm thickness and 100 mm edge. Figure 1a) . The actual dimensions of each specimen in its unstrained state were measured before testing by a travelling optical microscope.
Measurements
Dynamic mechanical tests were carried out by a dynamic-mechanical analyzer Q800 (TA Instruments, New Castle, DE, USA). All tests were performed at room temperature and 1 Hz, in strain sweep mode. The strain amplitude ranged from a minimum of 0.02% up to the maximum strain level that may be applied according to the machine bearing capabilities (maximum load: 18 N). The shear sandwich configuration used for testing is shown in Figure 1a .
In the shear sandwich configuration, two nominally identical parallelepiped rubber specimens were inserted between two outer plates. A central, moving clamp separated the two specimens. The specimens were slightly compressed by the two outer clamps (a compressive strain of about 15% was employed) in order that friction forces guarantee no slippage of the specimens on the clamps. Before each test, the specimens were mechanically conditioned: a strain sweep (0.02%-maximum shear strain amplitude, 1 Hz) was applied and an equilibration phase followed (0.02% shear strain amplitude, 1 Hz, for 15 min). Finally, the dynamic moduli were recorded as a function of strain amplitude during the test. At least three repetitions were performed for each test. Figure 1b schematically depicts the orientation of the specimens and of the strain directions with respect to the rubber sheet, represented by the dashed lines. The specimens, represented as parallelepipeds drawn with the solid line, can be oriented along two main directions perpendicular with respect to each other. A Cartesian coordinate system helps to define the loading direction of the specimens. The two main dimensions of the rubber sheet were arbitrarily labelled with axes 1 and 2. Plane 1-2 thus defines the main plane of the rubber sheet. Perpendicularly to the sheet main plane is axis 3, which crosses the 3 mm thickness. With reference to the sheet processing, axis 3 refers also to the direction of application of the pressure in the roll milling and in the molding process. Instead no reference to specific processing direction can be done with axis 1 and 2, since during milling the rubber sheet was rotated at every step and the mold configuration is symmetrical. Four test configurations (see Figure 1b) were performed to study the material response in different directions. Such configurations can be divided in two groups: 'throughthickness' (TT) and 'in-plane' (IP), labelled with reference to basic definitions of composites laminate [30] , widely used also for fiber-reinforced polymer composites. For both TT and IP configurations, two specimens, perpendicularly oriented to each other, were tested. In 'through-thickness' (TT) tests the shear stress was applied on the a and a′ faces of the sample, along axis 1 or 2, and the shear deformation developed through the sample thickness. TT configuration allowed to measure G 31 and G 32 moduli, by the application of γ 31 and γ 32 shear strains, respectively. In 'in-plane' (IP) tests the shear stress was applied on b and b′ faces of the sample, along axis 1 or 2, and the shear deformation developed in the 1-2 plane. IP configuration allowed to measure G 12 and G 21 moduli, by the application of γ 12 and γ 21 shear strains, respectively.
Test configurations

Bright field transmission electron microscopy (BF-TEM) and selected area electron diffraction (SAED) analyses
The structuring of the filler in nanoG-15 and nanoG-35 samples was carried out by TEM analyses. BF-TEM analysis was coupled with Selected Area Electron Diffraction (SAED) analysis. BF-TEM micrographs and SAED patterns were acquired using a Philips CM200 electron microscope operating at 200 kV equipped with a Field Emission Gun filament (FEI Company, Eindhoven, The Netherlands). A Gatan US 1000 CCD camera (Pleasanton, CA, USA) was used and 2048×2048 pixels images with 256 grey levels were recorded. Thin film cross-sections (approximately 70-100 nm thick) were prepared at -130°C using a Leica EM FCS cryo-ultramicrotome (Wetzlar, Germany) equipped with a diamond knife and mounted onto 300 mesh copper grids. No heavy metal staining methods were used. Analyzed sections were thus oriented parallel to axis 3 (shown also in Figures 1b and 1c ) and allowed to observe the nanocomposite through the sheet thickness.
Electrical resistivity measurements
The electrical measurements were performed in a Janis ST-500 micro-manipulated probe station (Janis, MA, USA) under ambient conditions and shielded against electromagnetic interferences. The specimens were contacted with the probe-station tips and connected to the instruments with triaxial cables. In order to ensure a good electrical contact between the specimen and the tips, two of the six surfaces of the specimen were covered with high-conductivity silver paste. Current-voltage (I-V) electrical measurements were performed using a KEITHLEY 2636A SourceMeter Unit (SMU) (Keithely, a Tektronics company, Beaverton, OR, USA). The SMU was programmed and controlled with a computer by using MATLAB. The measurement system (viz. micro-manipulated probe station with the SMU) can measure currents as low as 10 -13 A with a voltage resolution of 5·10 -6 V. The I-V characteristics were measured on cubic specimens with a volume of about 3 mm 3 . The voltage was swept from -5 to +5 V and the current was recorded. We calculated the resistance as the best fit linear interpolation of the I-V characteristic (i.e. interpolation function Î = V/R where R is the resistance) and then the bulk resistivity results: ρ = R·S/h where S and h are the surface area and thickness of the specimen, respectively. The reliability of the bulk resistivity measurement was checked. In fact, preliminary tests performed on specimens with different dimensions showed that the measured resistance scales linearly with the specimen thickness, and this indicates that it is not due to the surface conduction. Two main test configurations were used. In the 'through-thickness' configuration, the current flow was measured along axis 3, i.e. across the thickness, as shown in Figure 1c . In the 'in-plane' configuration the current flow was measured in the plane of the plate, along axis 1 or 2, as shown in in Figure 1c . The actual dimensions of the specimens, that means the thickness and the facet area, were measured by using a calibrated digital microscope (Dino-Eye AM7023CT-LH1 DinoEye, Naarden, The Netherlands).
Results and discussion
This work studies the level of mechanical and electrical anisotropy promoted by carbon based fillers with different shape anisotropy, in crosslinked NR based composites. As reported in the introduction, the carbon allotropes were a medium and a high surface area carbon black with nearly isotropic particles and anisometric nanofillers, such as a high surface area nanosized graphite and carbon nanotubes. Such fillers differ also for their aspect ratio. Only average values can be estimated. From TEM images of CNT filled NR systems (reported in [22] ), the aspect ratio of CNT can be estimated to be larger than 10. In the case of nanoG, as reported in the experimental part, XRD analysis allowed to determine the anisotropic index [11, 29] , which was found to be 3.1. However, this value is based on the size of crystalline domains. As the lateral size of nanoG lamella is larger than the size of the crystalline domain (it can be in the range from 300 nm to more than 500 nm), the aspect ratio can also be larger than 10. The aspect ratio of CB-MS and CB-HS can be hypothesized to be not much larger than 1. Therefore, the filler shape anisotropy follows the ranking: CNT ≥ nanoG > CB-MS = CB-HS.
Dynamic-mechanical tests
The shear sandwich configuration allowed to test the mechanical material properties both in the plane of the molded sheets (IP configuration) and orthogonally (TT configuration). the rubber plate, which will be discussed below in the text. The mechanical dynamic moduli were measured over a range of strain amplitudes. Filled rubbers typically showed a nonlinear behavior, i.e. a reduction of the modulus with strain amplitude. Such phenomenon, known as Payne effect [31] , is related to dissipation of energy in dynamic-mechanical loading of elastomeric materials. The intensity of the Payne effect reflects the filler networking phenomenon, according to models which refer to two main interpretations: agglomeration-de-agglomeration process of the filler network above the filler percolation threshold [31] [32] [33] [34] or polymer-filler bonding and debonding [35] [36] [37] [38] [39] [40] [41] [42] [43] . The reduction of modulus is correlated with the increase of the maximum value of loss modulus G″. Such parameter is reported in the results as an indication of energy dissipation of the investigated composites.
In the following, the anisotropic effects promoted by the different carbon fillers, at 35 phr loading, are compared. The dependence of the anisotropic effects on the filler content is then discussed. Figure 3 shows the storage moduli, i.e. G 12 , G 21 , G 31 , G 32 , versus the shear strain amplitude for composites with carbon fillers at 35 phr loading. Measurements were carried out on at least three different specimens for each testing direction. Curves of CNT-35 were obtained and reported in [22] . In the present paper, only two representative curves of CNT-35 tested in TT (G 31 ) and in IP (G 21 ) configuration are reported. They are compared in Figure 3a with the curves of CB-HS-35, as these composites achieve the largest values of moduli. The average values of shear storage modulus G′ at low (0.025%) shear strain amplitude (G′ 0.025% ), and of G″ max , both in IP and TT configuration are reported in Table 2 . Graphs in Figure 3 and data in Table 2 promoted, at small strain by carbon fillers has already been highlighted [13, [15] [16] [17] . Although the nanoG specific surface area measured by BET (330 m 2 /g) is higher than that of CNT (200 m 2 /g), the reinforcing effect of nanoG is lower than that of CNT. In previous works by some of the authors [13, 15] it was commented that, in the case of nanoG, the surface area measured by BET method (via nitrogen absorption) is not completely available to the polymer chains: graphene layers are prevailingly stacked in crystalline domains. The ability of carbon fillers to promote high values of (G″ max ) seems to follow the same order already observed for the storage modulus: CNT > CB-HS > nanoG > CB-MS. CNT and CB-HS show a G″ max an order of magnitude higher than the other fillers. Figure 3 also shows that the filler surface area is not the only parameter which affects the composites' reinforcement. Indeed, for CNT and nanoG, the mechanical reinforcement depends on the load direction: IP moduli (G 12 and G 21 ) are remarkably different from TT moduli (G 31 and G 32 ). On the contrary, CB-MS and CB-HS do not reveal large differences. Whatever the filler for each composite the two moduli measured in IP configuration (G 12 and G 21 ) are superimposed, as theoretically expected from symmetry conditions. Moreover, also the two moduli measured in TT configuration (G 31 and G 32 ) are very close to each other. For this reason in the following no distinction will be done between G 12 and G 21 or between G 31 and G 32 , but moduli will be generically indicated as GIP or GTT, respectively, unless otherwise specified. These findings are indicative of transversally isotropic solids, i.e. materials whose properties measured in a plane are equal along any direction and are different from those measured perpendicularly to the plane. This result could be interpreted as a consequence of the organization of the filler particles inside the rubber matrix. Anisometric particles have a preferential orientation: they lie inside layers parallel to each other.
Effect of filler type (at 35 phr loading) on anisotropic behavior of NR based composites
This picture of the composites, shown in Figure 2 , was revealed by TEM images taken to CNT and nanoG filled systems, as discussed below in the text. A quantitative index of the composites' mechanical response, aimed at indicating the mechanical anisotropy, was called anisotropy index and was defined as the ratio of the property values in IP over the values in TT configuration. For each configuration, at least four repetitions were performed, and mean value and standard deviation are reported in Table 2 .
The standard deviation of the anisotropy index is calculated according to the rules of error propagation. In Figure 3 and Table 2 the effects of the different fillers on the behavior of the composites are clearly noticeable. Particles with a remarkable shape aniso effects, while more isometric particles such as CB-MS and CB-HS lead to isotropic composites. A remarkable level of anisotropy was calculated for both nanoG and CNT filled systems, although the moduli values are much lower in the case of nanoG compared to CNT. In fact, nanoG and CNT filled composites show an anisotropy index of the G′ 0.025% modulus equal to 1.83 and 1.95, respectively, in spite of the fact that modulus values for nanoG are 4.40 MPa (IP) and 2.4 MPa (TT), much lower than those for CNT, equal to 20.5 MPa (IP) and 10.5 MPa (TT). The anisotropy index of the two types of CB is slightly larger than 1, 1.10 and 1.06 for CB-MS and for CB-HS, respectively. Such (slight) deviation from isotropy could be due to an inhomogeneous filler distribution and dispersion, or to a slight shape aniso tropy of filler aggregates. In a previous work it was observed [44] that CB generally exhibits a reduction of aggregate breadth, or 'flatness', in one direction. Some works [45] [46] [47] [48] [49] [50] [51] [52] [53] evidenced slightly anisotropic properties in elastomeric systems, in both compression and injection molded rubber parts. The orientation of molecules during the mould-filling operation was identified as the dominating factor, and the presence of CB-MS was found to increase the anisotropy [54] . Analogous findings were obtained for energy dissipation. The two fillers with anisometric particles, CNT and nanoG, gave the highest anisotropy index for G″ max , irrespectively of the absolute value of G″ max , which is much higher in the case of CNT. Interestingly, the values of anisotropy index of G′ 0.025% and of G″ max are very similar in the same nanocomposite. It seems therefore that reinforcement at small strain and energy dissipation are similarly affected by the filler loading direction. Curves reported in Figure 3a allow a direct comparison between composites, CNT-35 and CB-HS-35, which achieve the largest moduli values. It is worth noting that, in TT configuration, the modulus of CB-HS-35 at low strain amplitude is much larger than the modulus of CNT-35. This finding should be expected, taking into consideration the larger surface area of CB-HS. It is also worth observing that the moduli of CB-HS-35 in IP and TT configurations have almost the same values. The behavior of CB-HS is indeed similar to the behavior of CB-MS: fillers with nearly isometric particles do not give rise to anisotropic mechanical properties. In the case of CNT-35, the enhancement of moduli values, from TT to IP configuration, could be attributed to the anisometry of the particles which build up CNT. Finally, it can be noted that the modulus reduction with shear strain amplitude for CNT-35 is slightly larger than that of CB-HS-35 (CB-HS-35 curves were interrupted at about 3% strain amplitude). All these findings indicate the different mechanisms for the reinforcement promoted by the two fillers.
Effect of filler content on the anisotropic mechanical behaviour
The effect of filler content on the anisotropic behavior of NR based composites was investigated, for composites based on anisometric fillers such as CNT and nanoG. Composites were prepared with 35, 15 and 4 phr of nanofiller and their behavior was compared with the one of the neat NR matrix. In the composites, the fillers were considered to be either below or above their percolation threshold, i.e. the minimum filler amount required to establish a continuous filler network. Percolation thresholds of CNT and nanoG were reported [11] for composites based on synthetic poly(1,4-cis-isoprene): they were between 7 and 9 phr for CNT and between 17 and 21 phr for nanoG. The aim was to verify if the anisotropic effect could be dependent on filler percolation. In previous papers by some of the authors, the mechanical percolation threshold in polyisoprene rubber was estimated, following an approach based on the Huber and Vilgis plot [56] , in a range between 7 and 9 phr for CNT [13, 55] and between 17 and 21 phr for nanoG [11, 13] . The dependence of storage modulus G′ on the strain amplitude for the neat NR matrix, nanoG-4 and nanoG-15 are reported in Figure 4 , respectively, whereas the curves of nanoG-35 were already reported in Figure 3b . Table 3 shows the storage modulus values at low strain amplitude and the maximum value of loss modulus for both nanofillers and also for CB-MS N326 at 4 and 15 phr. The level of reinforcement and the anisotropy levels of dynamic moduli in nanoG filled composites are clearly affected by the filler amount. As shown in Figure 3b , Figure 4 , Table 2 and Table 3 , by increasing nanoG content there is an increase of storage modulus and also of G″ max . The Payne effect is evident above the percolation threshold (35 phr, Figure 3b) and becomes appreciable when nanoG content approaches such threshold (15 phr, Figure 4c ). Analogous findings can be seen in Figure 3 for CNT and CB based composites: the modulus non linearity is evident for composites with the carbon filler above its percolation threshold. Both the storage moduli values at small strain and the corresponding anisotropy indexes are plotted in Figure 5 as a function of the filler content. As already commented, G′ 0.025% values of nanoG based composites are lower than those of the CNT based ones. Moreover, also the absolute values and dependence on the filler content of the anisotropy indexes are different. For CNT based composites, the anisotropy is remarkable already at low CNT content (4 phr), increases up to 15 phr and decreases for larger CNT content. Such a dependence of the anisotropy index on the CNT content could be attributed to the high aspect ratio of CNT, which leads to high values at low CNT content, and to the tubes' bundles which, at high CNT content, hinder their orientation during the processing. Indeed, the anisotropy index of the CNT based composite decreases at contents higher than the percolation threshold.
On the other hand, the anisotropy index of nanoG increases almost linearly with the filler content. As commented above, nanoG achieves its percolation threshold at higher content, with respect to CNT. Moreover, nanoG cannot give rise to entangled structures. It could be also commented that a graphitic filler is known to act as a lubricant in a polymer composite. Hence, easier orientation, during processing, can be reasonably expected. Reduction of anisotropy index could be hypothesized also for nanoG based composites, at larger nanoG content. But such hypothesis cannot be verified or commented on the basis of the available experimental data. CB-MS and CB-HS filled composites reveal a substantially isotropic behavior, whatever is the filler content and the level of reinforcement. As already observed at 35 phr of filler, also for the other filler contents the anisotropy of the energy dissipation, indicated by G″ max , is comparable to the anisotropy level of the initial storage modulus.
TEM analysis of nanoG filled composites
TEM analyses were carried out on composites based on anisometric carbon fillers. Figure 6 and 7 show TEM micrographs of nanoG-15 and nanoG-35, respectively. The observed samples are cut perpendicularly to the large surface of the rubber plate, in order to observe sections oriented parallel to axis 3 in Figure 2 . In each figure, images taken at two different magnifications are shown together with the Selected Area Electron Diffraction pattern.
In both Figure 6 and Figure 7 , nano-sized stacks of graphite with dimension between 2 and 20 nm can be easily observed. In both cases, nanoG stacks appear grouped in aggregates with sizes between tens and hundreds of nanometers, uniformly distributed in the observed areas. However, whereas in nanoG-15 the aggregates are separated from each other, in nanoG-35 the filler particles seem to form a nearly continuous network. In the images of both composites, most of the lamellae show their lateral thin side, and only a few lie flat in the sample slice. Moreover, a preferential orientation of the lamellae can be identified. In order to have an unbiased evaluation of such direction, SAED analyses were performed and correlated with the BF-TEM micrographs, following the same procedure already adopted for CNT based composites [22] . Quantitative evaluation of the degree of filler orientation is not possible, as it cannot be taken for granted that images, necessarily taken on a small area, are representative of the whole sample. However, preferential direction of orientation was identified by SAED: it is indicated, in the images, by a red arrow, which is perpendicular to axis 3 (see Figure 2) . TEM investigation therefore confirms the hypothesis of filler stratification through the thickness of the rubber plate, as schematically represented in Figure 2 . Discussion on findings from TEM analysis of CNT based composites has been reported elsewhere [22] .
For CNT-15 and CNT-35, TEM micrographs revealed a layered structuring of the nanofiller: bundles of CNT were mostly randomly distributed inside layers, disposed almost parallel to each other and perpendicular to the molding pressure. A few CNT connect the different layers through areas with lower amount of CNT. Also in the case of CNT filled systems, similarly to nanoG, SAED analysis revealed a preferential orientation of the filler particles, as can be observed in Figure 6c and 7c, where the diffraction patterns of the composites based on either CNT or nanoG are compared. It is worth commenting that the intensity of the diffraction patterns does not provide useful quantitative information on the degree of orientation, mainly because the analysis was performed on a small area.
Composites' structure sketched in Figure 2 is thus confirmed by the results of TEM analysis and is in agreement with findings from dynamic-mechanical measurements: high shape anisotropy nanofillers impart a transversally isotropic mechanical behaviour to the elastomer based composites.
Electrical resistivity measurements
Elastomers are characterized by high electrical resistivity (>10 11 Ω·m). Electrical conductivity σ = 1/ρ can be increased with the incorporation of conductive fillers, such as carbon black or, generally, carbon based fillers. The electrical properties of the composites are affected by filler concentration, filler morphology, and filler dispersion. By increasing the filler content, the rubber composite exhibits a sharp variation of electrical properties, switching from an insulating to a conductive behaviour, at a filler amount termed percolation threshold. At this level, a continuous path of conductive filler particles is formed through the elastomer matrix, allowing the transport of charge carries which results in an electrical current [57, 58] . Electrical resistivity was measured only at filler amounts above the percolation threshold.
In the present work, analogously to dynamic-mechanical tests, bulk electrical resistivity ρ was measured on cubic specimens, cut from cured plates, both in IP and in TT configuration, with reference to the direction of current flow (see Figure 1c ). In the TT configuration, the contacts were applied on faces a and a′, and the bias voltage was applied across the sheet thickness. TT configuration allowed the measurement of the resistivity offered by the specimen thickness, ρ TT . In the IP configuration, the contacts were applied on faces b and b′, and the bias voltage was applied across the 1-2 plane, along axis 1 or 2. IP configuration allowed the measurement of the resistivity along two orthogonal directions in the sheet plane, ρ IP1 and ρ IP2 . With reference to the specimens sketched in Figure 2 , contacts were applied on the same surfaces where are the arrows representing the strains. Figure 2 shows the possible structuring of the fillers in the sections parallel to the current flow, in both test configurations. Such structuring occurs also in inner sections of the specimens, but for the sake of simplicity, only the outer layer was sketched. Measurements were carried out on CB-MS, nanoG and CNT filled rubbers and also on the neat NR. The Figure 8b for the other composites. The measurements revealed a linear I-V dependence in the whole range of applied voltages. The electrical resistivity, ρ, was consequently calculated as: ρ = R·S/h, where R is the inverse of the slope of the best fitting linear approximation of the I-V characteristic, S is the specimen cross-section perpendicular to the current and h is the specimen height between the two contacts. Moreover, for some of the conductive samples, the resistivity was measured in IP configuration by applying a bias voltage across two different directions, 1 or 2 (as shown in Figure 1c ) in order to assess possible anisotropic effects within the plane of the rubber plates. Since it was not measured any significant difference between the results obtained in IP configuration along different directions, these results are hereinafter reported as generically measured in 'IP configuration'. It is worth noting that in the case of nanoG-4, nanoG-15, CB-MS-4, CB-MS-15 and NR the measured current was lower than 10 -13 A, indicating that these specimens are insulators. Hence, the resistivity was not calculated. Only in the case of CNT filled systems it was possible to characterize the whole experimental range of filler contents. Figure 8a shows that the electrical resistivity decreases steadily by increasing the CNT content, and that ρ TT is higher than ρ IP , irrespective of the filler amount. The conductivity in CNT filled rubbers is governed by tunneling of electrons between adjacent carbon nanotubes and through the thin polymer layer which separates them [58] . The lower resistivity at higher amounts of CNT could thus be interpreted as the result of the larger number of contact points between nanotubes and of the thinner elastomer layers separating adjacent nanotubes. Moreover, the fact that electrical conductivity is higher in IP than in TT configuration could be explained with the structuring of CNT filler [22] , sketched also on the specimens drawn in Figure 8 . The conductivity is favored in IP configuration because the current flows through a well-connected random network of filler particles, whereas in TT configuration the current flows through alternate layers with different filler density. In other words, layers with lower amount of CNT connecting layers with higher amount of CNT increase the resistivity of the material.
The anisotropy level is calculated from the electrical properties as ρ TT /ρ IP , and the values are displayed in Figure 8c . CNT filled composites show that the anisotropy level decreases by increasing the filler content: from 230 (at 4 phr CNT) to 9.7 (at 35 phr CNT). The high anisotropic level of CNT-4 could be due to the amount of CNT, which is very close to the one required to achieve percolation, i.e. to obtain a continuous filler network. As reported above, conductive properties can be imparted to the insulating NR matrix by achieving the percolation of the conductive filler. The electrical percolation should not be far from the mechanical percolation threshold, found to be in poly(isoprene) rubber in a range from 7 and 9 phr [13, 55] . Therefore it could be argued that at a content of 4 phr, CNT are distributed in the whole (bulk) volume of the specimen but the connectivity between the CNT along the 'thickness' (TT, Figure 8c ) direction is different with respect to that along the 'in plane' (IP, Figure 8c ) direction. The different connectivity results in a resistivity of the TT configuration much higher (two orders of magnitude) than that of the IP configuration. At 15 phr as CNT content, the filler network should be fully established in any direction. The lower resistivity in IP configuration arises from the preferential orientation of the filler. The increase of CNT content from 15 to 35 phr leads to a fourfold reduction of the anisotropy index. It can be hypothesized that at the maximum CNT content, the amount of conductive filler is such as to establish a continuous filler network in any direction, independently of any possible preferential filler orientation. NanoG filled composites exhibited high electrical resistivity. The mechanical percolation threshold of nanoG in a synthetic poly(isoprene) rubber was measured in a range of 17-21 phr [11, 13] . Only nanoG-35 showed measurable values of resistivity (I > 10 -13 A) because this is the only nanoG content above the electrical percolation threshold. This is confirmed also by the structural investigation by TEM analysis (see Figure 6 and 7): a nearly continuous path of filler particles can be observed at 35 phr, but not at 15 phr of nanoG. Also for this nanofiller, TT resistivity is higher that IP resistivity, and also in this case the result is in agreement with the hypothesis of a layered structuring of the lamellar particles, observed in TEM images ( Figure 6 and 7) and sketched in Figure 2 .
In the case of CB-MS filled composites, the resistivity could be measured only at 35 phr of CB-MS, i.e. at a content slightly above the filler percolation threshold (mechanical percolation threshold of CB N326 in synthetic polyisoprene was reported in [13] at 29 phr). The electrical resistivity of CB-MS was much higher than that measured with the other nanofillers at the same filler amount, probably due to the lower filler specific surface area, which results in a much lower amount of filler-filler contact points. CB-MS was supposed to show low anisotropy effects because it is composed by nearly isometric particles. Strikingly, the electrical anisotropy index of CB-MS-35 is the highest measured in this work: ρ TT exceeds ρ IP by three orders of magnitude. Such high electrical anisotropy is close to the one observed for CNT-4. These experimental findings could be explained as follows. 35 phr is an amount close to the CB-MS percolation threshold: the filler can form a continuous path through the composite, with flattened and denser filler areas lying in rubber plates. Such areas are not well connected among each other to create a continuous path also across the plate thickness. In order to further corroborate this result, a composite with 50 phr as filler content was prepared and electrical resistivity was measured. The results are shown in Figure 8b .
The resistivity values of CB-MS-50 are lower than those of CB-MS-35, as expected, and are substantially independent of the measurement direction (anisotropy level = 1.4). This result indicates that, when the amount of a nearly isometric filler is enough to establish a conductive continuous network throughout any direction, the filler does not provide anisotropic effects. Electrical and mechanical anisotropy levels are differently influenced by CNT amount, as can be observed from the direct comparison shown in Figure 8c . On one side mechanical anisotropy passes through a maximum: large CNT content, much above the percolation threshold, causes a reduction of filler orientation in CNT-35. On the other side, electrical anisotropy is maximum at 4 phr CNT, then decreases steadily, due to the achievement of a homogenous conductive pathway. It is interesting to point out that the filler composition providing the maximum value of electrical anisotropy, CNT-4, does not correspond to the maximum value of mechanical anisotropy. This result was found also for CB-MS-35: the extremely high electrical anisotropy level (the highest among all the systems investigated) does not correspond to the nearly isotropic mechanical behavior. For both composites (CNT-4 and CB-MS-35) the filler amount is close to the percolation threshold of the filler. As already hypothesized, at such critical filler amount a continuous filler network seems to be established only on layers in the plane of the rubber plate and not perpendicularly to such planes. Since the establishment of a continuous conductive filler path remarkably affects the electrical conductivity of filled rubbers, high electrical anisotropy levels were obtained. The same result is not observed for mechanical anisotropy: the occurrence of a continuous filler network simply increases the rate of increase of mechanical stiffness with the filler amount, but the mechanical properties do not exhibit a discontinuity with the filler content at the percolation threshold, as in the case of electrical conductivity. Close to the filler percolation threshold, therefore, the filler structure has an amplifying effect on the electrical anisotropy level, but not on the mechanical one.
Conclusions
This work provides a quantitative investigation of anisotropic mechanical and electrical properties of NR composites filled with sp 2 carbon allotropes, such as nearly isometric carbon black, carbon nanotubes and a lamellar nanosized graphite with high surface area, endowed with different surface area and geometrical aspect ratio. A complete mechanical characterization along all main directions could be performed by a non-standard testing approach. It is shown that the mechanical anisotropy is highly influenced by the filler aspect ratio. Composites with carbon black showed an isotropic mechanical behavior, independently of their surface area. Composites with anisometric particles, such as nanoG and CNT, revealed a transversal isotropic behavior, i.e. properties measured in the sheet plane (IP configuration) different from the properties measured perpendicularly to the sheet plane (TT configuration) and independent of the strain direction. The results are consistent with a layered structuring of the filler nanoparticles through the sheet thickness and with their random orientation inside the sheet plane, as confirmed by TEM analyses. The level of mechanical anisotropy consistently increases with the content of graphite nanoplatelets, which arrange themselves in parallel layers, hardly creating a network in the orthogonal direction. In the case of CNT, mechanical anisotropy increases with CNT amount and passes through a maximum at about 15 phr: large CNT contents give rise to connections in both orthogonal directions. Electrical conductivity was observed already at 4 phr for CNT based composites, whereas 35 phr were required in the case of nanoG and CB-MS. Composites reveal anisotropic electrical properties. Anisotropy index consistently decreases for CNT based composites: once established an homogenous conductive pathway, CNT preferential orientation plays a negligible effect. CB-MS based composites revealed dramatic electrical anisotropy at 35 CB-MS phr, a CB-MS content close to the mechanical percolation threshold, suggesting that CB-MS aggregates create a continuous pathway first in the sheet plane.
The results here presented pave the way for the design of advanced soft composites materials, with selective mechanical and electrical properties along specific directions.
